Second harmonic generation (SHG) is a second-order non-linear optical process produced in birefringent crystals or in biological tissues with non-centrosymmetric structure such as collagen or microtubules structures. SHG signal originates from two excitation photons which interact with the material and are "reconverted" to form a new emitted photon with half of wavelength. Although theoretically predicted by Maria Göpert-Mayer in 1930s, the experimental SHG demonstration arrived with the invention of the laser in the 1960s. SHG was first obtained in ruby by using a high excitation oscillator. After that starting point, the harmonic generation reached an increasing interest and importance, based on its applications to characterize biological tissues using multiphoton microscopes. In particular, collagen has been one of the most often analyzed structures since it provides an efficient SHG signal. In late 1970s, it was discovered that SHG signal took place in three-dimensional optical interaction at the focal point of a microscope objective with high numerical aperture. This finding allowed researchers to develop microscopes with 3D submicron resolution and an in depth analysis of biological specimens. Since SHG is a polarization-sensitive non-linear optical process, the implementation of polarization into multiphoton microscopes has allowed the study of both molecular architecture and fibrilar distribution of type-I collagen fibers. The analysis of collagen-based structures is particularly interesting since they represent 80% of the connective tissue of the human body. On the other hand, more recent techniques such as pulse compression of laser pulses or adaptive optics have been applied to SHG microscopy in order to improve the visualization of features. The combination of these techniques permit the reduction of the laser power required to produce efficient SHG signal and therefore photo-toxicity and photo-damage are avoided (critical parameters in biomedical applications). Some pathologies such as cancer or fibrosis are related to collagen disorders. These are thought to appear at molecular scale before the micrometric structure is affected. In this sense, SHG imaging has emerged as a powerful tool in biomedicine and it might serve as a non-invasive early diagnosis technique.
Principles of second harmonic generation
Non-linear optical microscopy refers to all microscopy techniques based on non-linear optics, in which light-matter interactions violate the linear superposition principle. These techniques can be divided in two main categories: incoherent and coherent. Although in the former, the phase of the emitted optical signal is random, in coherent techniques it depends on a wide variety of factors, including those related to the exciting light or associated with the geometric distribution of the radiating molecules. One of these phenomena is the so called Second Harmonic Generation (SHG).
SHG is a coherent non-linear process where two incident photons at their fundamental frequency interacting with a medium are directly converted into a single photon of exactly the same total energy at double of frequency, without absorption or reemission of photons [1] . This process is carried out via an intermediate virtual state in a single quantum event. According to the non-linear optics theory, an incident electric field E ω → with a frequency ω induces a second-order polarization P → 2ω,i at 2ω in the ith direction given by [1] : 
where ε 0 is the vacuum permittivity and χ (n) is the nth-order non-linear susceptibility tensor.
The first term of Equation (1) describes the normal absorption and reflection of light, and the second the SHG. Since the term χ (2) depends on the polarization of the excitation source, the SHG emission is sensitive to polarization [2] . In a medium with hexagonal symmetry, the nonnull coefficients d ij = 1 2 ε 0 χ ij (2) are d 31 , d 33 , d 15 and d 14 [3] .
These coefficients contain the non-linear optical properties of the material and sum zero for inversion symmetry [4] . Moreover, if Kleinman and cylindrical symmetries are assumed, d 14 =0 and d 15 = d 31 [5] .
SHG was demonstrated in crystalline quartz in 1962 by Kleinman, and since then this has been commonly used to frequency-double pulsed lasers to obtain shorter wavelengths [5] . Moreover, SHG signal is sensitive to bulk non-centrosymmetric spatial arrangements such as collagen structures or birefringent crystals [6] . The lack of a center of symmetry in an organized material strongly affects the second-order susceptibility and therefore the efficiency of SHG signals [7] .
Unlike two-photon excitation fluorescence, SHG is energy conserving (it does not involve an excited state), strongly directional and preserves the coherence of the laser light [8] . Then, a medium is able to provide efficient SHG signal when its structure is organized at the scale of the laser wavelength and lacks a center of symmetry. Further details on the advantages of using SHG imaging (especially for biological applications) will be presented along this chapter.
SHG microscopy of biological samples
In 1971, Fine and Hansen proposed that SHG signal could also be produced by biological tissues [9] . In 1974, Hellwarth and Christensen implemented SHG into an optical microscope to visualize the microscopic crystal structure of polycrystalline ZnSe [10] . Later, Gannaway and Sheppard presented SHG images of a lithium niobate crystal by using a laser scanning microscope [11] . These images showed features and contrast levels not seen in regular (linear) microscopy.
However, to our knowledge, the first biological SHG image was reported by Freund in 1986. He imaged a rat tail tendon with high resolution SHG scanning microscopy [12] . More than a decade was necessary to consistently apply SHG microscopy to visualize biological specimens. In particular, a laser scanning microscope was combined with a Ti-Saphire femtosecond laser to acquire live cell images based on SHG [13] .
Other biological specimens imaged using SHG microscopy include membranes [7] , proteins [13] and collagen-based structures [14] among others. Figure 2 shows a sample containing starch grains imaged with SHG microscopy. According to the non-linear nature of harmonic generation, the intensity of the SHG signal depends on the square of the excitation laser intensity, and occurs intrinsically confining the focus of the microscope objective. Since this event takes place in both transversal and axial directions, SHG imaging microscopy provides intrinsic 3D sectioning capabilities with excellent Z-resolution. This property allows optical sectioning of biological samples with reduced out-of-plane photo-toxicity (see Figure 3 ). Apart from this inherent property, during the last ten years SHG microscopy has gained increasing popularity in biomedicine mainly due to the provided possibilities for endogenous contrast imaging (staining procedures are not required), reduced tissue damage, sensitivity to molecular architecture organization, preservation of phase information and polarization dependence [15] .
SHG is restricted to molecules with non-centrosymmetric organization and is emitted by different biological tissues containing collagen [1] , myosin [16] or tubulin (which polymerizes into microtubules) [17] . Type-I collagen is the most abundant structural protein of the human body [18] , and due to its presence in connective tissue, SHG signal can be effectively obtained from the cornea, the skin, bones or tendons [19] [20] [21] [22] [23] [24] [25] [26] [27] . Collagen plays an important role within the human body and has been studied under many different experimental conditions. Its presence in connective tissues constitutes 6% of the dry weight of the body [28] .
The basic structural unit of collagen is the molecule of tropocollagen, presenting a helical structure, formed by three polypeptide chains coiled around each other to form a spiral (see Figure 4 ). These molecules are cross-linked to form collagen fibrils. These fibrils are assembled into parallel beams to form collagen fibers [18] . The origin of the SHG signal in collagen arises from its molecular chirality, where the molecules possess permanent dipole moments with high order alignment, ensuring the generation of harmonic signal as a consequence of the non-symmetrical oscillation of the electrons [15] . On the other hand, the intrinsic chirality of the triple-helix of molecular collagen increases the asymmetry of the assembly increasing the non-linear response.
As above explained, the SHG signal can be characterized by the non-linear susceptibility tensor [4] . This depends on the induced dipole moment of the molecules and therefore on the organization of the collagen tissue. If a collagen triple-helix is excited along its main axis, each bond contribution is summed coherently to the SHG signal [29] . When the molecules with the same orientation-or polarity-are assembled to form fibrils, the SHG signal is amplified significantly [30] . Then, the total intensity is the coherent sum of the signal from individual collagen fibrils.
However, in some collagen-based tissues the polarity of the fibrils within the fiber varies randomly [31] . In those cases the organization presents contributions to the axial momentum altering the coherent process of the SHG. Theoretically, the phase matching condition for which the non-linear process is strictly coherent is given by [15] :
where k 2ω → is the wave vector for the SHG emission and 2k ω → is the wave vector of the incident light. Then, a second harmonic conversion is maximum if Δk → = 0. Experimentally, only birefringent crystals have been found to verify this condition [32] . In biological samples, and particularly in collagen-based tissues, the SHG signal is a quasi-coherent process which SHG efficiency conversion depends on how aligned within the fiber the fibrils are.
SHG images at the bottom of Figure 4 compare the collagen distribution in a normal healthy human cornea and another affected by a pathology called keratoconus. This is a real example on how the coherence of SHG signal is an efficient detector of collagen organization within a sample. Although the control tissue displays a fairly regular distribution of collagen fibers along a preferential direction, these are randomly distributed in the pathologic case. The control tissue provides a more efficient SHG conversion because Δk → is significantly lower than in the pathologic case. Changes in collagen morphology are firstly produced at molecular level (tropocollagen), which number of aligned dipoles coherently sum, affecting the fibril organization and therefore the distribution of the fibers finally imaged with SHG microscopy.
On the other hand, the emission directionality has an effect in both SHG signal conversion efficiency and observed morphology. This is easy observed in the starch grains presented in Figure 5 .
In collagen-based tissues, this effect is due to the size and the organization of the collagen fibers, since both affect the phase mismatch and the amplification of the SHG intensity [15] . In general, SHG directionality depends on the distribution of the induced dipoles in the focal volume where the non-linear process takes place [33] . In this sense, the directionality effects of the SHG signal can be appreciated in the visualization of continuous structures (fibers) in the backward channel (i.e. backscattered emission), and a higher segmentation or discrete distribution in the forward directed emission [34] . This implies that the choice of the detection direction in the experimental device will depend on the desired scale of observation. However, since changes in collagen fibers can be observed in the backward configuration [1] , this configuration has become suitable for biomedical imaging.
Imaging ocular tissues with SHG microscopy
As stated above, the human body is plenty of tissues composed of collagen. These tissues are often the main component of different organs. In particular, the eye is one of them. Although this is not a vital organ (such as the heart or the liver, for instance), it is necessary to have a regular way of living (both humans and animals). Since the middle of nineteenth century, there have been a number of instruments to visualize ocular structures in order to improve the diagnosis and treatment of eye's diseases. Since most ocular elements are transparent, staining procedures are usually required and, under certain experimental conditions, the existing clinical techniques are sometimes not totally appropriate. In that sense, SHG microscopy might be used as a new tool to improve the imaging of some ocular tissues.
The sclera and the cornea are the two structures are the eye's outer tunic, mainly composed of type-I collagen. The former is an opaque connective tissue acting as protective element that gives stability to the ocular globe. Unlike the sclera, the cornea presents high transparency which originates from particular arrangements of the collagen fibers (localized within the stroma, which occupies about 90% of whole corneal thickness). Corneal collagen assembles to form long fibrils with a diameter of approximately 25 nm (in humans) [35] . These are uniformly spaced forming larger bundles or fibers termed "corneal lamellae" (tens of microns in size). In contrast, scleral fibrils have various diameters ranging between 25 and 230 nm [35] . These collagen fibrils also form bundles, however these are not parallel arranged but entangled in individual bundles.
Since type-I collagen is an effective second harmonic generator, both ocular elements can be visualized with SHG imaging microscopy without using labeling techniques. However, the sclera does not have any contribution to the vision function and this is probably the reason because SHG studies on the sclera are scarce. To our knowledge, Han and colleagues were the first to show SHG images of the sclera [36] . The sclera collagen distribution was analyzed through these images in forward and backward directions. They concluded that the sclera presents inhomogeneous, tube-like structures with thin hard shells, maintaining the high stiffness and elasticity of the tissue. SHG imaging was used by Teng and co-authors to resolve the difference in structural orientations between the collagen fibers of the cornea and the sclera: the corneal collagen is organized in a depth-dependent fashion, whereas the sclera collagen is randomly packed [37] . As an example, Figure 6 shows SHG images of healthy tissues corresponding to a human cornea and a sclera. A simple visual inspection reveals the evident difference in collagen distribution. SHG images of the sclera as a function depth have also been analyzed. At shallow planes collagen bundles were roughly aligned parallel to the limbus. At deeper locations the fibers did not have a specific orientation of alignment [38] . At the posterior pole this arrangement differed. On the external surface undulating thick bundles without a notable major orientation were found. These also had interwoven structures with various orientations. On the internal surface of the sclera fine collagen bundles were observed. These bundles were frequently branched and intermingled. As already mentioned, the sclera has not a direct implication in visual function, however its structures are related to ocular biomechanics and the changes with intraocular pressure or surgery might be interesting in clinical applications.
Unlike the sclera, the cornea has been analyzed with SHG microscopy by many different authors. Since Yeh et al. obtained SHG images in rabbit corneas without exogenous dyes [19] the corneal structure has been studied in a number of animal models (including humans) under several experimental conditions (see for instance [39] and references therein). SHG images of the cornea have been compared in both forward and backward scattering directions [36] . Although images showed different information, collagen fibers always showed a regular packaging [36, 37] . However, this regular pattern has been shown to change with pathologies [40, 41] or after surgical procedures [42] [43] [44] . The corneal stroma also suffers alterations due to scars [45] or changes in the intraocular pressure [46] that have been explored through SHG imaging.
Although SHG microscopy has been used to image the cornea under different experimental conditions, two aspects are really important: (1) the response of the SHG signal to polarized light and (2) the measurement of the stroma organization. Moreover, an objective characterization of structural abnormalities is of great interest to distinguish normal from pathological corneas and the key for possible clinical applications. The next section deals with this topic.
Measurement of collagen organization in ocular tissues
As previously mentioned, the collagen arrangement could be compromised due to pathological processes, mechanical trauma or denaturation (aging). Due to this, both classification and quantification of collagen arrangement might be a powerful tool in biomedicine as well as in medical diagnosis, in particular for those pathologies associated with collagen disorders occurring at early stages of the disease.
The analysis of the collagen organization has usually been carried out in a qualitative manner. A quantitative analysis would lead to understand changes in corneal stroma caused by intraocular pressure [46] , pathological processes [47, 48] or surgery [49] among others. Although there are several techniques to analyze the spatial distribution of collagen, the bidimensional fast Fourier transform (2D-FFT) has often been used for this goal [50] .
In particular, the 2D-FFT method has been used with SHG images to compute the degree of organization in corneal collagen in the presence of pathologies [26] or after physical damage [51] . If the SHG image shows a structure with a preferential orientation, the spatial frequencies of the 2D-FFT spectrum are aligned along the direction orthogonal to that preferential orientation [52] . Nevertheless, the resolution of the 2D-FFT is limited by the noise of the SHG image and an image filtering is often required. The distribution of the spatial frequencies on the 2D-FFT is also generally fitted by an ellipse, and the ratio between its axes is used as a parameter to quantify the collagen organization. However, when a collagen distribution is arranged in a more complex and heterogeneous pattern (interwoven, crosshatched, …), the best fit is a circle and this operation may lead to erroneous conclusions that require a complicate post-processing [53] . Figure 7 shows a SHG image with a crosshatched appearance of collagen fibers, together with the corresponding 2D-FFT.
In this sense an alternative procedure based on the structure tensor has recently been presented by these authors as a useful tool to classify the spatial distribution of collagen-based tissues through SHG images [54] . The technique has the advantage of differentiate areas with maximum organization from those locations where the orientation of the collagen fibers is not significant. The structure tensor provides relevant parameters such as the spatially-resolved degree of isotropy (DoI) and the histogram of orientation distribution. The former ranges between 0 and 1 and its value increases with the order of the structure (i.e. the more aligned the fibers the higher the DoI). In the latter, it is verified that the narrower the data, the higher the presence of a dominant orientation. Apart from their quantitative information, a visual inspection of both the DoI map and the orientation histogram permits to discriminate between quasi-aligned and non-organized collagen distributions. For a better understanding of this tool, Figure 8 shows two SHG images with different spatial distributions and the correspond- ) and their respective spatiallyresolved DoI and orientation histogram computed through the structure tensor. Detailed information on how these parameters were computed can be found in [54] . Scale bar: 50 µm.
ing structure tensor parameters. At this point, it is important to notice that the combination of SHG microscopy and the structure tensor could help in the diagnosis of abnormal structures and in the tracking of pathologies related to corneal stroma disorders.
Adaptive optics SHG imaging
Despite optical sectioning capabilities and inherent confocality of SHG microscopy, the imaging of thick samples (3D imaging) is limited by the specimen-induced aberrations. When a femtosecond laser beam is focused into a specimen, the deeper the layer to be imaged, the larger the focal spot size. This leads to a reduction in the effectiveness of the SHG process (i.e. lower SHG signal) and a decrease in the quality of the acquired images, both contrast and resolution (Figure 9) .
To overpass this, adaptive optics (AO) techniques combining a wavefront sensor and an adaptive device (deformable mirror or spatial light modulator) have been used [55] [56] [57] [58] . Most authors have been interested in improving two-photon excitation fluorescence images through AO and experiments dealing with AO-SHG imaging are scarce in the literature [59] [60] [61] [62] .
Although the ideal situation is to compute and correct for the plane-by-plane aberrations, this is experimentally difficult [63] . In that sense, wavefront sensor-less techniques combined with multiphoton microscopy have been reported [58, 59, 61, 62] . With this approach, at a certain plane within the sample the AO element pre-compensates for the "unknown" aberrations without measuring them, but finding the best image according to a pre-defined image quality metric. Although these are time-consuming procedures due to the use of iterative algorithms such as genetic learning, hill-climbing or stochastic, they have provided significantly improved images with more visible details.
Moreover, the dominant aberration term at deeper layers is the spherical aberration [55, 58, 64] . In order to correct for (or minimize) this unwanted spherical aberration, objective correc- Figure 9 . SHG images of a rabbit cornea at different depth locations (10, 100 and 100 µm). The reduction in SHG signal is readily visible. This decrease in SHG effectiveness is mainly due to specimen-induced aberrations and scattering. Scale bar: 50 µm. tion collars [64, 65] and wavefront sensor-less AO devices [55, 58, 62] have been used. The former is a manual method only valid for a defined set of cover thickness values. The latter is faster than usual since only the spherical aberration term has to be corrected. An alternative technique has recently been reported to improve 3D multiphoton imaging [66] . This is based on the manipulation of the spherical aberration pattern of the incident beam while performing fast tomographic SHG imaging. As expected, when inducing spherical aberration the image quality is reduced at best focus, however at deeper planes a better image quality is obtained. This increases the penetration depth and enables improved 3D SHG images even with nonimmersion objectives.
Although these AO techniques can be applied to both non-biological and biological samples, there is a special interest when imaging ocular tissues, the cornea in particular. For this ocular structure the features of interest (especially when analyzing pathologies) might be close to the surface or located deep into it. For shallow planes, SHG images are usually of high quality.
However when the plane to be imaged is located at a deeper position AO-SHG can be used as a powerful technique to noticeably enhance SHG images corresponding to those deep corneal layers (see Figure 10 as an example). Those images will have enough contrast and resolution to observe the collagen bundles [66] , and any possible abnormal distribution of them across the imaged area. Future clinical instruments can also benefit from this implementation which leads to a better visualization of the layered ocular structures.
Polarization-sensitive SHG microscopy
The dependence between polarization and SHG signals in collagen is well recognized [67] [68] [69] .
The combination of non-linear microscopy and polarization allowed detecting changes in collagen arrangement [70] and has been proposed to characterize collagen-based tissues [71, 72] . Type-I collagen fibers exhibit structural anisotropy that can be characterized by the ratio of hyperpolarizabilities or polarization anisotropy ρ = β xxx /β xyy , which provides information about the internal collagen structure [33, 73] .
The polarization anisotropy depends on the orientation of the collagen triple-helix and the orientation of the induced dipoles along the peptide bonds and the values have been reported to be in the range [-3, 3] [33] . Low values of ρ are associated with immature collagen [67] , aging [69] or loss of arrangement in the collagen distribution [1] . Therefore, polarization-sensitive SHG microscopy provides information about the dipolar distribution within the collagen fibers.
SHG intensity has been reported to vary with the angle between the optical axis of the polarizer and the main orientation of the collagen fibers [33, 69] . Moreover, depending on the spatial distribution of collagen fibers the SHG signal will be differently affected by the incoming polarization state [72, 74, 75 ] (see Figure 11 as an example). This fact might be of great importance in SHG imaging not only because the total signal varies (for instance) when changing from linear to circular polarization, but also because more details and extra features might be visible for certain polarization states (see Figure 12 ) [72] . The combination of polarization and SHG signal allows obtaining information about the hierarchical architecture of collagen at molecular scale [76, 77] . This has been used in biopsies to discriminate normal breast from malignant tissue [78] , and analyze cancerous ovarian tissues [79] . Pathological alterations of the cornea could seriously compromise vision. In this sense polarization-sensitive SHG microscopy has been proved to be effective to detect structural alterations in keratoconus [40] . It has also been employed to analyze the molecular changes produced by high levels of intraocular pressure and to investigate how these modifications produced within the lamellae affect the stroma thickness [80] . As a possible clinical application, Figure 13 compares the response to incident linear polarization of a human control and a keratoconus cornea (those presented in Figure 4 ). It can be observed how the SHG signal from the pathological case presents lower dependence with polarization.
Conclusions
Along this chapter, the principles of SHG processes and the application to biological imaging have been reviewed. SHG microscopy is a non-linear modality with inherent confocality that allows visualizing non-stained tissues composed of collagen and shows features not seen with regular microscopy. SHG intensity depends on both the size and organization of the collagen fibers. Since SHG directionality depends on the distribution of the induced dipoles within the fibers, the registration of the signal in a backscattered direction can be used to observe the collagen architecture within the specimens (Figure 13) .
In particular, this is a useful tool to image connective ocular tissues such as the sclera and the cornea with high resolution as function of depth. These tissues can be characterized attending the organization of their collagen fibers. Unlike the sclera that usually presents a non-organized distribution, the arrangement of the corneal fibers depends on numerous factors. These collagen organizations have been discussed and a novel method based on the structure tensor to perform quantitative analyses has been proposed. This permits to classify the spatial distribution of the fibers from the SHG images, and can be used for diagnoses of pathologies related to collagen disorders.
However, the efficiency of SHG imaging of thick samples reduces with depth, as the specimen itself induces aberrations and scattering. To overcome this limitation, AO procedures have been implemented into SHG microscopes. The manipulation of the aberration pattern of the incident laser beam has allowed increasing the image quality of SHG images especially at deeper locations.
On the other hand, SHG signal from collagen structures is polarization dependent. This modulation depends on both collagen internal structure (parameter ρ) and the arrangement of the fibers (external organization). The combination of polarization and SHG microscopy has been reported to be effective in detecting structural changes in collagen-related pathological processes. The technique could then be a powerful tool in biomedicine and/or in clinical diagnoses.
